POP and PAH contamination in the southern slopes of Mt. Everest (Himalaya, Nepal): Long-range atmospheric transport, glacier shrinkage, or local impact of tourism?
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context, soils and lake sediments have an important role as sink and reservoir for POPs. High elevation lakes, in particular, may capture primarily volatile POPs (e.g., tri-penta-chlorinated PCBs), whereas superficial soil may also be influenced by local pollutant sources (e.g., PAHs) (Guzzella et al., 2011; Belis et al, 2009 ).
Moreover, lake sediments bear witness to climate change. In fact, due to global warming and the consequent shrinking of glaciers, glacial lakes located at the highest elevations have increased their surface area (Tartari et al., 2008; Salerno et al., 2012) .
In this study, two different sampling campaigns (2008 and 2012) were undertaken on the southern slopes of Mt. Everest (Himalaya, Nepal) with the aim of investigating the presence and the sources of contamination with POPs and PAHs in this remote region. Both sediments and soils were sampled in 2008 at different altitudes to monitor DDT, its isomers and metabolites (hereafter indicated as DDx), PCBs, PBDEs and PAHs contamination, while in 2012, only soil samples were collected for the analysis of PAHs. Moreover, in 2008, a wide area was covered by the sampling plan, including the valleys of Imja, Thame and Gokyo. To the best of our knowledge, this is the first time these Southern Himalayan valleys were investigated for the presence of anthropogenic contaminants. In particular, the LRAT mechanism, global warming, and the recent increase of tourism in this area were all considered and evaluated as possible driving forces of the present contamination.
MATERIALS AND METHODS

Study area and the sampling stations
The current study focuses on the Mt. Everest region and, in particular, on the Sagarmatha National Park (SNP) and the Buffer Zone (BZ) (27.75° to 28.11° N; 85.98° to 86.51° E) that lies in eastern Nepal, in the southern part of the central Himalayas ( Fig. 1) (Amatya et al., 2010; Thakuri et al., 2014) . The SNPBZ is the world's highest protected area (1148 km 2 ), visited by over 30,000 tourists in 2008 (Salerno et al., 2013 , and is extended from an elevation of 2845 to 8848 m a.s.l. (Mt. Everest). The region is located in the subtropical zone and is influenced by the monsoon system. Moreover, local circulation is dominated by a system of mountain and valley breezes (Salerno et al. 2015) . Two different sampling campaigns were undertaken in DDE, p,p'-DDE, o,p'-DDD, p,p'-DDD, o,p'-DDT, p,p'-DDT) , and 8 PBDEs . The chemical purchasing is reported in SM2.
Analysis of the soil samples
The chemical and physical analyses of the sampled soil were performed according to standard methods (Ministero delle Politiche Agricole e Forestali, 2000). All samples were air-dried and sieved to separate the fine earth (< 2 mm) from the coarse fraction. pH was determined potentiometrically in water extracts (1:2.5
w/w). The total C and N concentration was measured by dry combustion with an elemental analyzer (CE Instruments NA2100, Rodano, Italy). The clay and fine silt fraction were determined by the pipette method.
Organic carbon content (OC) of the soils and sediments was determined on 0.5-1 g d.w. by back-titration after oxidation with potassium dichromate in the presence of sulfuric acid, following the method published by Walkley and Black (1934) . The authors assessed that with this method, it is possible to oxidize the more active fraction of organic carbon content, mainly representing 77% of the total amount.
Sample preparation and instrumental analysis
The sample preparation and analysis of target compounds was performed as reported by Guzzella et al. (2011) . Briefly, after lyophilisation, the sediments were sieved through 63 µm mesh, whereas soils were airdried and sieved through 2 mm mesh to remove gravel, plant debris and other inert materials. For PAH analysis, a variable amount of sample (0.5-1 g d.w. of sediment and 30-50 g d.w. of soil) was spiked with 50 µL of the PAH internal standard (IS) and then extracted in a hot-Soxhlet apparatus (Buchi, Flawil, Switzerland) using a n-hexane/acetone mixture (3:1 v/v) for 25 cycles. The extract was concentrated to 1 mL under gentle nitrogen stream and cleaned-up on a glass column packed with 4 g of silica gel and alumina (2:1 w/w). The aliphatic fraction was discarded by elution with 3 mL of n-hexane, while the aromatic fraction was collected using 10 mL of n-hexane/dichloromethane (70:30 v/v). The final extract was then concentrated by nitrogen stream to 0.5 mL. For DDx, PCB and PBDE analysis, the same amount of sample was spiked with 7 multilayer column (1.5 x 6.5 cm) packed (bottom to top) with 0.5 g of acidified silica gel (H 2 SO 4 : 30% w/w), 0.5 g of potassium silicate, 2 g of acidified silica gel and 1 g of Florisil ®
. The sample was eluted with 10 mL of n-hexane/DCM (1:1 v/v), and the final extract was concentrated by nitrogen stream to 100 µL. The instrumental analysis of all the target compounds was also undertaken as published by Guzzella et al. (2011) .
All GC details and conditions for the analysis of target compounds are fully reported in the SM3.
2.5 Quality Assurance (QA) and Quality Control (QC)
For PAH sediment and soil analysis, the method performance was evaluated using certified sediment purchased by IAEA (International Atomic Energy Agency): Reference Material IAEA-383 "Organochlorine
Compounds Petroleum Hydrocarbons and Sterols in Sediment Sample". All measured values (n = 3) were within the range of expected concentrations (± 30%), whereas the relative standard deviation (RSD) ranged from 15% to 31% (the results for all the compounds are given in SM4, Table S2 ). Because of the possibility of laboratory contamination, especially due to dust deposition, a procedural blank was performed every batch of samples, and some 2-4 carbon ring PAHs (e.g., 1-, 2-methylnaphthalene, pyrene, phenanthrene, fluorene and acenaphtene) were found in the blank extracts, albeit at low concentrations. For these compounds, the blank concentrations were subtracted from the values found in the samples. For PBDE sediment and soil analysis, the method performance was evaluated using the sediment BROC-2 CRM purchased from RIVO (Netherlands Institute of Fisheries Research). RSD of measured values (n = 3) ranged from 4% (BDE-49) to 25% (BDE-66) (whole results are given in Table S3 ). For DDx and PCBs, the method performance was evaluated using 1939a SRM river sediment, purchased from NIST (National Institute of Standard and Technology, Gaithersburg, Maryland). All measured values (n = 3) were within the range of expected concentration levels (± 30%) except for PCB-170 (+45%) and , and the RSD ranged from 9% to 25% (whole results are given in Table S4 ). Blank concentration levels were below LOD levels for all analyzed POPs. Using a signal-to-noise ratio of 3:1, the limits of detection (LODs) were estimated in both the sediments and the soils as 0.1 and 0.01 ng/g d.w, for PAHs, and DDx/PCBs/PBDEs, respectively.
Data analysis
All maps were elaborated on ArcGis platform. The correlations among the results were tested with Spearman's Correlation Coefficients, using SPSS Statistics software, and Principal Component Analysis (PCA) was performed using STATISTICA Six Sigma ver. 8. Because of the different fraction of soils and sediments considered (<2 mm and <50 µm, respectively), the concentrations normalized on organic carbon content were used to represent the contamination due to PAHs and POPs in the samples, to ensure that their estimates were comparable. In addition, when calculating the averages, the values below the limit of detection were set to zero, to avoid overestimating the sample concentrations.
RESULTS AND DISCUSSION
Contaminant concentration and the distribution pattern of the sediments
The concentrations of DDx, PCBs, PBDEs, and PAHs normalized on organic carbon content measured in the sediments (< 50 µm) collected in 2008 are reported in Table S5 . Regarding DDx contamination, only the metabolites p,p'-DDD and p,p'-DDE were measured at concentrations greater than the detection limit, ranging from 1.3 ng/g OC (in LCN 53_sed) to 45 ng/g OC (in LCN 9_sed). These concentrations are extremely low and can be considered as background concentrations, as previously suggested by Guzzella et al. (Guzzella et al., 2011) . They are also comparable to concentrations measured in sediment samples collected from the Tibetan Plateau (Cheng et al., 2014; Wu et al., 2014) . In addition, the mean percentage contribution of p,p'-DDE (56%) and p,p'-DDD (44%), with respect to the total DDx contamination,
indicates that the parental compound p,p'-DDT was generally absent. This may be because p,p'-DDT had been degraded by biotic and abiotic reactions which occurred both in sediments and in the weathered and aged soils. Total PCB contamination ranged from 3.9 to 84.3 ng/g OC in LCN 6_sed and LCN 9_sed, respectively, with a mean value of 20.2 ± 26.3 ng/g OC. This concentration level is consistent with other studies conducted on sediments collected worldwide in other pristine areas and in remote and high elevation regions (Zhang et al., 2014; Usenko et al., 2007; Guzzella et al., 2011; Jiao et al., 2009; Pozo et al., 2007) . It is known that while the lighter congeners (tri-to penta-CBs) tend to volatilize and be transported in the gas phase from polluted regions to remote areas through the atmosphere, the heavier congeners (hexa-to decaCBs) tend to be transported on atmospheric particulate and to be deposited near the pollution sources (Li et al., 2012) . Confirming this theory, the average PCB profile in the SNP sediments was dominated by the lighter chlorinated congeners (73%), while the heavier ones accounted for the remaining 27%. Similar PCB profiles were determined previously by Guzzella et al. (2011) and in other remote areas (Li et al., 2012; Ruiz-Fernandez et al., 2014; Choi et al., 2008) .
In addition to the LRAT model, the presence of PCBs in the sediments of the SNP lakes could also be related to the glacier hypothesis. Based on this hypothesis, glacial ice may contain significant amounts of chemicals deposited in earlier times that have been stored in the deeper layers of the ice during the last decades (Bogdal et al., 2009; Schmid et al., 2011; Ali et al., 2014; Kusky, 2009 ). Accelerated glacier melting may result in a release of chemicals from this kind of reservoir. To check if the considered lakes might have been affected by the delayed release of environmental contaminants, whose emissions were high in the past, the PCB range concentrations in the various sediments was graphically represented (Fig. 2) . The highest contamination was observed in LCN 9 (84.3 ng/g d.w. OC); this could be because LCN 9 is a first order lake, with a glacier of 0.17 km 2 located within its basin (Table 1) . By contrast, LCN 10 (located downstream lake LCN 9) showed a PCB concentration of about 10 times lower (9.1 ng/g OC). This huge difference (between lakes located quite close to each other and belonging to the same hydrological pathway) could be because lake LCN 9 is directly fed by melt water coming from the glacier located in its basin, whereas LCN 10 is a second order lake, fed primarily by the relevant upstream lake and by the small portion of its sub-basin which does not contain glaciers. Based on this observation, we can speculate that PCBs are also released by the shrinkage of the glacier, and then stored in the relevant first order lake. The other considered lakes presented concentrations of PCBs depending on the glacier extension in their basin. The least contaminated sediments were LCN 6_sed (3.9 ng/g OC), with 0.07 km 2 of glacier coverage, and LCN 53 (8.4 ng/g OC) with no glaciers located in its basin. Generally, a relationship between basins with more glaciers and the most polluted lake sediments was observed, with the only exception being LCN_31. This lake, in fact, presented a low PCBs concentration (7.2 ng/g OC) and could be defined as pro-glacial (a lake whose surface is in direct contact with a large glacier front -2.16 km 2 ) (Salerno et al., 2012) . This different behavior can be explained by considering that this particular glacier (Duwo glacier) was observed, in the last fifty years, to have an opposite response to PAH contamination in the sediments collected from the SNP (Fig. 2 ) was on average ten times higher than those measured for POPs, ranging from 1020 ng/g OC (LCN 53_sed) to 7274 ng/g OC (LCN 6_sed), and the mean PAH concentrations reached values of 4323±2796 ng/g OC in the Khumbu Valley and 2464±1343
ng/g OC in the Imja Valley. Pn was the most abundant compound, accounting for 42% of the total PAHs considered, followed by Fl (15%), 1mNa (13%), and Py (10%), in accordance with our previous study (Guzzella et al., 2011) . In addition, the LMW-PAHs prevailed in the total sum of PAH (93%), with concentrations of up to 7000 ng/g OC, while the HMW-PAHs accounted only for the remaining 7%, with a concentration generally below 600 ng/g OC. In order to provide information on the input sources and transport pathways, PCA was applied (Fig. 3) . The first two PCs represented 80% of the total variances of PAH concentrations in the sediments. Combined with the variable and case plots, the LMW-PAHs (2, 3, and 4 rings) were congregated into one group represented by the sediments collected in lake LCN 10 and LCN 6, whereas the HMW-PAH (5 and 6 rings) were the main compounds accumulated in sediments from LCN 24 lake. Elevation, considered a supplementary variable, was negatively correlated with 5 and 6 ring PAHs, mostly because these PAHs are transported by absorption on atmospheric particulates and their deposition is near the pollution sources. On the contrary, with increasing altitude, lakes are usually far from the pollution sources, commonly represented by densely populated villages. In this study, no relation with altitude was evident for the considered LMW-PAH compounds in sediments.
Contaminant concentration and distribution pattern in soil
The concentrations of DDx, PCBs, PBDEs, and PAHs normalized on organic carbon content measured in the soils (< 2 mm) collected in 2008, and those of PAHs detected in the soils sampled in 2012, are reported in Table S5 . DDx concentrations in soil samples ranged from <LOD to 12.2 ng/g OC, detected at the GOK sampling station, with an average concentration of 2.6±3.2 ng/g OC. Similar DDx concentrations were found in the SNP in 2007 (Guzzella et al., 2011 , in soils collected from Southern and Western China, and in nonagricultural soils in other remote regions (Wang et al., 2007; Chen et al., 2008; Gai et al., 2014) . The DDx contamination pattern in the soils is similar to the one observed in the sediments, with the predominance of p,p'-DDE (47%) and p,p'-DDD (41%). The presence of o,p'-DDE was also evidenced in three stations (LUK_soil, NAM_soil, and GOK_soil), suggesting the occurrence of biodegradation of o,p'-DDT in soils, which might be related to the usage of Dicofol in the surrounding agricultural territories. In fact, the use of this acaricide, widely used in India and China and containing high concentrations of DDT as technical impurities (o,p'-DDT accounted for about 77%), could have contributed to the current DDT profiles in soils (Ren et al., 2014; Wang et al., 2006; Rasenberg and Van de Plassche, 2003; Yang et al., 2013) .
PCB and PBDE concentrations were very low in all considered soil samples, ranging from 0.3 to 7.0 ng/g OC (average value of 1.4±1.6 ng/g OC), and from <LOD to 3.7 ng/g OC (average value of 0.9±1.4 ng/g OC), respectively. Regarding PCBs, GOK_soil was the most polluted station, as for DDx, while the PBDE presence was very sporadic in all the considered area. The distribution of PCBs in soils was similar to the one observed in the sediment samples, but it must be pointed out that the PCB profile in soils is more stressed by the predominance of tri-penta-congeners (96%) with respect to the higher chlorinated congeners (4%). Such distribution of low-chlorinated PCBs has been observed also in surface soils collected from the Tibetan Plateau (Zheng et al., 2012; Wang et al., 2009) . As expected, considering the very low concentrations measured for DDx, PBDEs and PCBs, the SNP soils can be classified as background levels for mid-latitude Northern Hemisphere, mainly determined by long-range atmospheric transport (LRAT) and therefore not directly influenced by local pollution sources (Wang et al., 2007; Wang et al., 2009; Sun et al., 2015; Yuan et al., 2015) . The southern slope of the Himalayas can consequently be considered as a pristine area on a global scale (Zheng et al., 2012) . Moreover, despite the wide altitudinal gradient considered for the soils (about 2700 m), the concentrations of individual DDx, PCBs and PBDEs detected in the soils did not correlate significantly with the elevation, most probably because of the extremely low levels of contamination.
Regarding PAHs, the soils sampled in 2008 and 2012 showed concentrations from 50 to 100 times higher than those detected for the other compounds, ranging from 42 to 677 ng/g OC in DOL_soil and LCN 9_soil, respectively. Jones et al. (1989) and Maliszewska-Kordybach (1996) proposed two classifications for evaluating the PAH contamination of an area based on the concentration measured in its soil. Based on both these classifications, the SNP soils could reasonably be considered low contaminated, far from direct industrial pollution sources (Wang et al., 2007) . Such concentrations and similar conclusions were drawn from soils collected around the Mt Everest and from the Tibetan Plateau (Yang et al., 2013; Wang et al., 2007; He et al., 2015) . In 2008, the highest PAH concentrations were observed in Namche, LCN 6, LCN 54
and Gokyo samples, while in 2012 in Lukla, Namche, LCN 9 and LCN 10, and, by considering the same Similar to the sediments, the contribution of LMW-PAHs to the total sum of PAHs prevailed on HMW-PAH (73% and 27%, respectively) in both years, and Pn was again the most abundant compound detected in the soils (Table S5) , with an average percentage of 24% on the total amount of PAHs, followed by 1mNa (15%).
Such a pattern, observed also in other studies conducted on soils collected from remote regions (Yang et al., 2013; Wang et al., 2007; Guzzella et al., 2011) , showed a departure in behavior considering the soils with LMW-PAHs > HMW-PAHs (66% and 34%), and Pn > Py (21% and 15%). At any rate, the PCA was not to point out significant differences in PAH soil contamination, neither due to the specific molecular weight, nor to the sampling stations. Even in this case, the concentration of PAHs in the soils did not correlate significantly with elevation.
3.3 Evaluation of PAH sources in sediments and soils from the SNP PAHs may originate directly from both natural (e.g., biodegradation of humic substances and fires) and anthropogenic (e.g., vehicle emissions, incomplete combustion of fossil fuels, industrial processes, waste incineration) sources (Yunker et al., 2002) . According to the formation mechanism, they can derive from pyrogenic (combustion processes) and/or petrogenic (release of uncombusted petroleum products) sources.
from solid high temperature combustion (coal). Namche (ratios of 0.3 in 2008, and 0.5 in 2012), in fact, is the main commercial base and tourist hub in the Khumbu region (Fig. 4) . A stop at Namche village is necessary for trekkers who want to climb the 8000 m mountain peaks of the Khumbu valley, allowing a physiological body adaptation to the high altitude climate conditions. Another PAH local source of contamination could be the Syangboche Airport (the closest airstrip to Mount Everest and to Everest base camp) that is mostly used by tourists who plan to have a stop at Namche Bazaar. The airport is located on a hill near the village (at 3750 m) and therefore it can contribute to the HMW-PAH contamination of the soils.
CONCLUSIONS
In this study, a wide sampling area was considered, and, however the conditions faced during the collection of the samples were prohibitive (mainly caused by such high elevations), more than thirty samples were collected for the analysis. Based on the results obtained, most of them close or below the detection limits, it was possible to confirm that this area is characterized by a very limited contamination due to POPs, and, as expected, the southern slope of the Himalayas can generally be considered a pristine area on a global scale.
The detectable presence of POPs in this remote region was therefore ascribed mainly to the long-range atmospheric transport mechanism, while the gradual melting of glaciers was suggested to be a secondary source of pollution of the lake sediments, strictly related to the LRAT tendency of the compounds (especially PCBs). Also considering the PAH contamination, the SNP could be classified as a low contaminated site, far from direct industrial pollution sources. However, considering the documented increase of human activities characterizing the SNP in the last decades and the prevalence of LMW-PAH with respect to HMW-PAH (likely caused by energy source for power and heating generation), the local impact of tourism can be considered as a possible source of contamination, which might become even more relevant in the near future. Fig. 1 . Study area and sampling areas for soils and lake sediments. 
SM1. Soil characteristics
The SNP is located in a complex transition zone between the High Himalayas and Tibet, characterized by diverse geological units. Bortolami et al. (1998) discussed the distribution of the geo-lithological characteristics of the territory. The soils in the high valleys is primarily Entisol; below 4000 m asl, Spodosols have developed in forested areas, which are mainly located in the north-facing slopes; the extensive grassland and shrub land areas, mainly in the southern slopes below 3750 m asl, have Inceptisol and Entisol (Nepal and Nepal, 2004) .
The organic-mineral horizons considered in this study (A horizons for all soil, Ap horizon for Lukla) were strongly acidic (Table S1) , with the exception of the samples collected in Lukla and Namche, which were moderately acidic. The soil OC (SOC) ( Table S1 ) ranged from 1.3 % in LCN 7b_soil to 6.7 % in NAM_soil, and, using the Spearman correlation, was significantly correlated (r=0.945; p<0.01) with the TN. The SOC and TN content (in the samples collected in this study above ~4000 m asl) was comparable to values recorded at around 2800 m asl in the Alps (Freppaz et al., 2010 ) and of those above 5000 m asl in recently de-glaciated high-altitude soils of the Himalayas (Stres et al., 2013) . The SOC and TN (Table S1 ) contents were inversely correlated with the elevation (r=-0.749; p<0.05 and r=-0.833; p<0.05, respectively). The C/N ratio, with the exception of Lukla, was relatively low and comparable to alpine sites with scarce vegetation like in the Rocky Mountains (Williams et al., 2011) . The clay fraction, very low and comparable with values recorded in recently de-glaciated high-altitude soils of the Himalayas (Stres et al., 2013) , were significantly inversely correlated with the C/N ratio (r=-0.786; p<0.05). Therefore, soils with the highest clay content seemed characterized by the highest mineralization. The SOC content was generally higher than the critical point of 1-2 %, value below which the principal dynamic for the absorption of contaminants in soils can also be mainly dominated by mineral content (Yuan et al., 2012) . Effectively, in this study, the clay content and fine silt fraction did not show any significant correlation with respect to the considered contaminants. -47, -99, -153, -154, -183) were all purchased from Wellington Labs, Canada. Pesticide (custom mix containing p,p' and o,p'-DDT, -DDD and -DDE) and PCB (custom mix containing all the target congeners) standard solutions were supplied by o2si Smart Solutions (South Carolina, USA). PBDE standard solution (custom mix containing all the target analytes) was purchased by AccuStandard (Connecticut, USA).
SM3. Instrumental conditions
The instrumental analysis of PAHs was performed using selective ion monitoring GC-MS (with a minimum of two ions), using a FocusGC coupled with a DSQ mass spectrometer (ThermoElectron, Austin, Texas).
Separation of compounds was achieved using a Rxi-5MS capillary column, 60 m BDE-209. Injections (0.5 µL) were performed using a TriPlus autosampler (Thermo Electron) and carried out in the following analytical conditions: carrier gas helium at 6.0 mL/min; starting temperature of 100 °C (held 0.5 min) after which it was ramped to 280 °C at 15 °C/min (held 8 min). Quantitative analysis was obtained by comparing results with the external standard. 
SM4. QA/QC
